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Abstract The accuracy of radiative thermometry will be severely affected when 
emitting-absorbing or scattering media covers the surface to be measured under 
industrial conditions. An inverse radiation method has been proposed to estimate the 
true temperature of surface from the measurement temperature of radiation pyrometer 
in terms of radiation transfer mechanism of participating media. The surface 
temperature measurement system has been assumed to consist of two infinite parallel, 
opaque and diffusely emitting and reflecting boundaries, which enclose a participating 
media. Taking the secondary cooling zone of continuous casting as an example, water 
vapor and water fog have been chosen as the participating media between surface and 
pyrometer, and their radiative properties were estimated using box model and Mie 
theory respectively. The radiative transfer equation of the direct radiation problem has 
been solved using discrete ordinate method. The inverse problem has been solved by 
an iteration method on the basis of its related direct radiation problem. The influence of 
participating media on the monochromatic pyrometer, two-color pyrometer and total 
radiation pyrometer has been analyzed in the inverse problem. The radiative 
thermometric models of these three kinds of commonly used radiation pyrometers 
were based on the Plank law and Stefan-Boltzmann law. 
 
1. Introduction  

As a main kind of noncontact temperature measurement method, radiative 
thermometry has been widely used to measure the surface temperature of high 
temperature objects, moving objects and the object which is not easy to be closed with 
under industrial condition, such as the secondary cooling zone of continuous casting 
process, reheating furnaces, etc [1-3]. But under those industrial conditions, the 
existence of radiating-absorbing or scattering media, such as water vapor, carbon 
dioxide, water clouds or fumes between the surface to be measured and radiation 
pyrometer will seriously affect the accuracy of temperature readings of pyrometer. In 
order to get the true temperature of this kind of surfaces, a further treatment or 
correction is necessary. The optical fiber radiation pyrometer and radiation pyrometers 
with high-velocity airflow blowing equipment have been widely applied to decrease or 
avoid the influence of participating media in industrial situ [3-4], and only a few works 
were focused on obtaining the true surface temperature by considering the existence of 
participating media [5]. No report about the influence of participating media on the 



radiative thermometry in terms of the radiation transfer mechanism has been found in 
the presently available literature. The purpose of this study is to present an inverse 
radiation method to evaluate the true temperature of the high temperature surface 
which is covered by participating media from the measurement temperature of 
pyrometer. 

Thermal radiation in participating media plays an important role in the transport of 
thermal energy in high temperature systems. For a general radiation problem, the 
equation of radiative transfer, source term or temperature distribution of medium, the 
radiative properties of medium, and the boundary conditions are given, and the 
radiation intensities are to be determined. In an inverse radiation problem, either the 
radiative properties, or the source term or temperature distribution of medium, or the 
boundary conditions are to be determined from the knowledge of the measured data. 
Inverse radiation problems have numerous engineering applications in a variety of 
field, such as the remote sensing of atmosphere, the prediction of temperature of 
combustion process in furnaces, the estimation of radiative properties for solid or 
porous materials and systems which are not easy to make interior measurement, etc. A 
wide range survey of literature shows that the inverse radiation problem was mainly 
about the estimation of radiative properties, temperature or the estimation of both of 
them simultaneously by iteration or optimizing methods [6-14]. Li and Osizik[6-8], 
Liu[9,10], Padakannya[11] solved the inverse radiation problem using conjugate gradient 
method, genetic algorithm and Levenberg-Marquardt method, respectively. The 
iteration method was firstly used by Chahine [12,13] to determine the temperature profile 
of the atmosphere, and was used by Tan [14] later. It is worthy of note that both of the 
two methods are based on the solution of their direct radiation problems, which may be 
generally solved by Zonal method, Monte-Carlo method, Spherical Harmonics method 
or Discrete Ordinate method [15-17]. 

In this work, we simplified the surface temperature measurement system as a 
one-dimensional azimuthally symmetric radiation problem of emitting, absorbing or 
scattering medium between two infinite plane parallel slabs. Knowing the temperature 
of both slabs and the radiative properties of media, the determination of the radiative 
intensity distribution and the pyrometer temperature would constitute the solution of 
our direct radiation problem. The inverse radiation problem proposed in this work is to 
estimate the true temperature of the high temperature surface from the radiation 
pyrometer measurements, and it can be regarded as a kind of inverse radiation 
problems of boundary condition estimation. The radiative transfer equation of the 
direct problem was solved using the discrete ordinate method, and the inverse problem 
was solved by the iteration method on the basis of the direct model. The temperature 
measurement in the secondary zone of continuous castings was taken as an example. 
Water vapor and water fog were the participating media and their radiative properties 
were estimated using box model and Mie theory respectively. The radiative 
thermometric models of three kind of pyrometers, monochromatic pyrometer, 



two-color pyrometer and total radiation pyrometer, were set up on the basis of Plank 
law and Stefan-Boltzmann law, and the influence of participating media on those 
pyrometers were analyzed in the inverse problem. 
2. Direct Problem  
2.1 Statement of the problem  

As illustrated in Fig.1, the surface to be measured and its surroundings have been 
represented by two infinite parallel slabs S1 and S2, the pyrometer was vertically faced 
the high temperature surface S1 and can be located in any place between the two slabs 
where it can work very well. The coordinate schematic diagram of this plane-parallel 
system is shown in Fig.2. The spectral radiative transfer equation (RTE) for this 
azimuthally symmetric condition is expressed by the following [15-17]: 
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where x is the geometric variable;  is the cosine of the angle between the direction of 
the radiation intensity and the positive x axis; ka , ks  and ke  are the spectral absorbing, 
scattering and extinction coefficients of participating media, respectively;  ( , ) is 
the spectral scattering phase function; I (x,� ) is the spectral radiative intensity; Ib  is 
spectral blackbody intensity, which is given by Planck’s law[15-17]: 
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where h is the Plank constant,  is spectral frequency, n is the refractive index, c0 is the 
speed of light in vacuum, k is the Boltzmann’s constant. The total blackbody intensity 
Ib can be determined by integrating Ib  over the entire wavelength spectrum, resulting 
in Stefan-Boltzmann law [15-17] as follows: 

πσ 42 TnIb =                (2b) 

where  is Stefan-Boltzman constant. 
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To solve Eq. (1), the following opaque, diffusely emitting and reflecting boundary 
conditions are set at x=0 and x=L respectively: 
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where 1 and 2 , 1 and 2 are the emissivity and reflectivity of the slab S1 and S2 
respectively, and 1 + 1 = 1, 2 + 2=1. 

In addition, the temperature distribution in the participating media is necessary to 
solve Eq. (1) and (3). Because the response time of pyrometer is very short at the 
moment of temperature measurement, we can assume the system is under radiative 
thermal equilibrium and its radiative energy equation can be written as: 

( ) ( )[ ] 04
0

=−∫
∞

dvxGxIk vbvav π             (4) 

where G (x) is spectral incident radiation: 
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It shows that the solving of Eq. (1), (3), (4) is an iterative procedure and the 
temperature distribution and radiative intensity field can be obtained at the same time. 
2.2 Radiative properties of participating media 

In the RTE Eq. (1), parameters needed for the participating media are coefficients 
ka , ks  ke  and the phase function  ( , ). As we known, radiative properties of 
participating media are often very non-gray or strong spectral dependency, so the gray 
media assumption is unacceptable in most cases.  

Radiative properties of water vapor. For gas media, the scattering can be neglected, 
that is to say it satisfies ks  = 0 and  ( , )=0. The absorption coefficient of gas can 
be estimated by many methods or models, such as Line-by-line method, statistics 
narrow band model (SNBM), exponential wide band model(EWBM), etc.[15-18]. But an 
enormous calculation time and the necessary database are required to execute the 
methods above.  

For the sake of simplicity, a simplest spectral band model, the box model [15,17,18] 
has been chosen. Comparing with the commonly used gray band approximation of 
SNBM and EWBM, the box model can estimate the radiative heat transfer of gas 
almost equally well [19]. In the box model, the absorption coefficient was assumed to be 
constant in the band and was related with band intensity Sk and effective bandwidth 

kw∆ . At partial pressure P and temperature T, the absorption coefficient 
kvak ∆  (1/m) 

of the kth spectral band of gas can be written as [17]: 
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Radiative properties of water fog. Radiative properties of water droplets have been 
obtained by Mie theory [15,16,20] in this work. Supposing that the water fog is 
monodispersed, then the coefficients ka , ks  and ke  are given by the following 
relations: 

extTev QrNk 2π=      scaTsv QrNk 2π=      svevav kkk −=     (7) 

where NT is the number of particles per volume, r is the size of droplet, Qext Qsca and 

Qabs are the absorption, scattering and extinction efficiency calculated by Mie theory 
with available optical constant of water [21]. For the sake of clarity, their definitions are 
not listed here. For our practical computations, the exact Mie phase function involving 
heavy calculations, is approximated by the linear phase function [15]:  

( ) ( )Θ+=ΘΦ cos1 0a              (8) 

whereΘ  is the scattering angle, a0 is a constant equals to –1, 0 and 1 for backward 
scattering, isotropic scattering and forward scattering respectively. Supposing that the 
radius of water droplets is 5 m or 20 m, NT=104/cm3, its extinction coefficient is 
shown in Fig.3. As can be seen from Fig.3, the radiative properties of water fog are 
strongly nongray, so we have to solve the Eq.(1) by dividing the wavelength into 
numbers of spectral interval , which is similar with the spectral band model of gas 
radiation. 
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2.3 Calculation of spectral band intensity and temperature 

Corresponding with the radiative properties of molecular gas and particular media, 
RTE can be solved on a spectral band. Integrated Eq. (1) over a spectral interval , i.e. 

the operator dv
v
∫
∆

)(�  is applied as follows: 

Fig.3 Extinction coefficient of monodispersed water fog 
(a) (b) 
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∆ = . And vI ∆  is the spectral band intensity, vak ∆ , svk  and evk  are spectral 

band absorption, scattering and extinction coefficients, Ib  is the blackbody spectral 
band intensity, Plank function within each band is 
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The term in the parenthesis is the fractional function between the upper and lower 
limits of the band. In numerical programming use the fitted polynomial relations [16]: 
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By discrete ordinate method [15], Eq.(9) is evaluated for a discrete number of 
directions j of weight wj and the integral term in it is replaced by a numerical 
quadrature as follows:  
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Similarly, the spectral band form of boundary condition Eq.(2) and Radiative 
equilibrium energy equation Eq.(4) by discrete ordinate technique are given by: 
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where i =1, 2, 3,…, M, and M is the number of control volume in spatial direction; j =1, 
2, 3, …, N, and N is the number of discrete direction in angular direction of DOM; k = 

1, 2,  nk,  and nk is the number of spectral band . The set of differential 

Eq.(12~14) is solved by selecting a spatial discretization scheme and the spectral band 
intensity I  and the temperature distribution in the media can be found in an iterative 
manner. 



2.4 Radiative thermometric models 
Thermometry models of pyrometer are based on the Plank law Eq.(2a) and 

Stefan-Boltzmann law Eq.(2b). Knowing the spectral band intensity I , the indicated 
temperature of pyrometers can be obtained by collecting the local thermal radiation 
energy. Because the spectral response of radiation pyrometers is not a specific 
wavelength but a small spectral band interval  from 1 to 2, the temperature 
formulations for monochromatic pyrometer, two-color pyrometer and total radiation 
pyrometer should be written in spectral band form respectively: 
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where Ib  can be determined by Eq.(10) or the integrated form of Plank function 
Eq.(2a). The terms in the left side of Eq. (15~17) are the spectral band radiation 
emissive power and can be evaluated from intensity I  using discrete ordinate method: 
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The indicated temperature of pyrometers may be calculated by Eq.(15~17) using 
Eq.(18). 
3 Inverse Problem 

On the basis of aforementioned direct radiation problem, the purpose of our inverse 
radiation problem is estimating the true temperature T1 of surface S1 from the 
measurement temperature T1mea of radiation pyrometer. The detail steps of the inverse 
problem are shown in Fig.4. 
 



 
 

4 Results and discussion 
Considering the different radiative properties of gas and particulate media, their 

influence on the radiative thermometry for the surface temperature measurement 
problem has been analyzed. The response spectral band of pyrometer in our calculation 
is based on the MR1S thermometer of Raytek Co., that is 0.75~1.1 m for 
monochromatic and 0.75-1.1 m, 0.95~1.1 m for two-color pyrometer. It has been 
taken that the distance L between the two slabs is 1.0m, the temperature T2 of slab S2 is 
400�C, and the true temperature T1 of the surface S1 is 1200�C. The measurement 
temperature T1mea indicated by the pyrometers has been taken from the calculated 
temperature T1cal of the direct problem. According to the inverse problem, the true 
temperature T1 of the surface S1 may be obtained from the indicated temperature T1mea. 
4.1 Water vapor 

The participating media between the two infinite parallel slabs is pure water vapor 
at 1atm. The emissivities of S1 and S2 are chosen to be 0.5,0.8,1.0 respectively in order 
to analyze its effect on the inverse problem.  

Fig.4 Flow chart of the inverse problem 
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Fig.5~8 show the measurement and true temperatures of the high temperature 

surface S1. As far as monochromatic and total radiation pyrometers are concerned, the 
larger emissivity 1 is, the closer the measurement temperature and the true 
temperature are. On the contrary, with the increasing of emissivity 2, the difference 
between the measurement temperature and the true temperature is increased. The 
measurement temperature of two-color pyrometer is independent of emissivities 1.and 

2. Furthermore, because the response spectral band of monochromatic and two-color 
pyrometer falls in the non-absorbing spectral band of water vapor, the water vapor 
itself has no influence on the measurement temperature. But for the total radiation 
pyrometer, the larger the thickness of water vapor is, the smaller the measurement 
temperature is. The reason is that the total radiation pyrometer is based on collecting 
the radiation energy of whole wavelength and water vapor may attenuate the radiation 
energy on some spectral band. All in all, the two-color pyrometer is the most exact one 
among these three kinds of pyrometers and the total radiation pyrometer is severely 
influenced by water vapor. 
4.2 Water fog 

Fig.9~11 illustrate the variation of the measurement temperature and the true 
temperature of surface S1 with the emissivity 1 and 2 for various distance between 

Fig.5 Surface temperature of monochromatic 
and two-color pyrometer ( 1 is different) 

Fig.6 Surface temperature of total 
radiation pyrometer ( 1 is different) 

Fig.7 Surface temperature of monochromatic 
 and two-color pyrometer ( 2 is different)

Fig.8 Surface temperature of total  
radiation pyrometer ( 2 is different)



surface and pyrometer when the participating media is water fog. As can be seen from 
Fig.9 and Fig.10, for the monochromatic and total radiation pyrometers, the difference 
between the measurement temperature and the true temperature decrease with the 
emissivity 1 and increase with emissivity 2, and it is the same as the water vapor. For 
the two-color pyrometer, Fig.11a indicates that the difference between the 
measurement temperature and the true temperature increase with emisivity 1, and 
Fig.11b shows that the difference doesn’t increase or decrease with the emissivity 2, 
but related with the position of pyrometer. In addition, because of the continuous 
radiative properties of water fog, the measurement temperature of the three kinds of 
pyrometers is related with the thickness of water fog. The difference between the 
measurement and true temperatures increased with the distance between surface and 
pyrometer. It can also be noted that emissivities 1 or 2 do not affect the pyrometers 
very obviously for the water fog with bigger droplets radius (r=20 m) as the extinction 
coefficient of it is very big and is the key influence factor of the temperature 
measurement system. 
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(a) r=5 m 

Fig.9 Surface temperature of radiation pyrometer ( 1 is different) 

(b) r=20 m 
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5 Conclusion  

One-dimensional inverse radiation problem for the measurement of surface 
temperature under industrial conditions was established in this work. The problem was 
based on the radiative transfer of participating media and the basic law of radiative 

(a) r=5 m 

Fig.10 Surface temperature of radiation pyrometer ( 2 is different) 

(b) r=20 m 

Fig.11 Surface temperature of two-color pyrometer  

(a) (b) 



thermometry, and was solved using iteration method on the basis of the direct radiation 
problem, which has been solved by discrete ordinate method. The influence of gas and 
particulate media on the radiation pyrometer was analyzed. It can be concluded that for 
the particular media the radiative properties (extinction coefficient) and the thickness 
of media (the distance between surface and pyrometer) are more important than the 
emissivity of high or low temperature slabs. The measurement temperatures of 
monochromatic pyrometer, two-color pyrometer and total radiation pyrometer need to 
be treated using the inverse method to get the true temperature of surface. For gas 
media, the total radiation pyrometer has the similar situation with that of particular 
media. Among these pyrometers, the error between the measurement temperature and 
the true temperature of two-color pyrometer is the smallest. To carry out further 
investigation, experiment verification is necessary because our measurement 
temperature in the theoretical analysis is taken from the calculated temperature of 
direct problem. 
Acknowledgment 

The support of this work by the National Science Foundation of China under 
Grant No. 50074006 is gratefully acknowledged.  
Reference 
[1] Drury M D, Pyrometers for surface temperature measurement, Journal. of iron and 

steel institute, 1951,vol.169:245-250 
[2] Linzhang ZHU, High temperature measurement: principle and application (in 

Chinese), Science publishing Co., Beijing, 1991 
[3] Kuihan WANG, Present status and prospect of temperature measurement technique, 

Basic Automation, 1997, no.1: 1-5, no.2: 1-6 
[4] Qingguo Liu, Jiquan SUN, et al., Study of On-line measurement of surface 

temperature of continuous cast slab, iron and steel, 1998,vol.33, no.2:18-20 
[5] Yuan YE, Tianshi LI, et al., A fuzzy identification algorithm model of surface 

temperature measurement of continuous casting slab, Foundry equipment and 
technique of China, 1999, no.1: 29-31 

[6] Li. H.Y, Ozisik. M. N., Estimation of the radiation source term with a 
conjugate-gradient method of inverse analysis, Journal of Quantitative 
Spectroscopy and Radiative Transfer, 1992, vol.48, pp237-244,  

[7] H. Y. Li and M. N. Ozisik, Inverse Radiation Problem for Simultaneous Estimation 
of Temperature Profile and Surface Reflectivity, J. of Thermophysics and Heat 
Transfer, 1993, 7(1): 88-93 

[8] H. Y. Li and C. Y. Yang, A genetic algorithm for inverse radiation problems, 
International Journal of Heat and Mass Transfer, 1997, 40(7): 1545-1549 

[9] L. H. Liu, H. P. Tan, Q. Z. Yu, Simultaneous identification of temperature profile 
and wall emissivities in semitransparent medium by inverse radiation analysis, 
Numerical Heat Transfer, 1999, 32A: 511-525 

[10] L. H. Liu, Simultaneous identification of temperature profile and absorption 



coefficient in one-dimensional semitransparent medium by inverse radiation 
analysis, Int. Comm. Heat Mass Transfer, 2000, 27(5): 635-643 

[11] Kishan Padakannaya, An inverse radiation problem for a non-gray gaseous 
medium, Ph.D Dissertation, Washington State University, 1998 

[12] Chahine M. T., Determination of Temperature Profile in an atmosphere from its 
outgoing Radiance, J. of the optical society of America, 1968, 58(12): 1634-1637 

[13] M. T. Chachine, Inverse Problems in Radiative Transfer: Determination of 
Atmospheric Parameters, J. Atmospheric Science, 1970, 27: 960-967 

[14] TAN Heping, YU Qizheng, Inverse calculation and numerical simulation of 
raditive transfer equation in semi-transparent media, Journal of Engineering 
Thermophysics, 1995, vol.16, no.1: 75-79 

[15] Modest M F. Radiative Heat Transfer, McGraw-Hill, Inc., New York, 1993 
[16] Siegel R, Howell J R, Thermal radiation heat transfer, 2nd ed, New York, 

Hemisphere, 1982 
[17] Hongbing SUN, Radiative heat transfer (in Chinese), Metallurgical industry 

publishing Co., 1996 
[18] Penner, S. S., and Olfe, D. B., Radiation and Reentry, Academic Press, New York, 

pp.107-120, 1968 
[19] Yuying LIU, Xinxin Zhang, Analysis of Gas Radiative Transfer Using Box Model 

and its Comparison with Gray Band Approximation, Journal of Thermal Science, 
vol.12, no. 1:82-88 

[20] Bohren C. F., Huffman D. R. Absorption and Scattering of Light by Small 
Particles. NewYork: JohWiley & Sons, 1983 

[21] George M. Hale, Marvin R. Querry, Optical Constants of Water in the 200-nm to 
200- m Wavelength Region, Applied Optics, vol.12, no.3, 1973  


